Abstract-To determine the average relationship among the Fourier spectrum of horizontal acceleration FSA(f ), moment magnitude M W and hypocentral distance R for Kamchatka earthquakes, we analyzed 44 analog strong-motion records recorded here in 1969 -1993. The records of acceleration and velocity meters were obtained at 11 rock to medium-ground sites from 36 earthquakes with M W = 4.5-7.8, at distances R =30-250 km and depths 0 -80 km. Amplitude spectra FSA(f ) were calculated from digitized, baseline corrected records of 81 horizontal components, and then divided by instrumental transfer function. After smoothing the values were picked at a set of fixed frequencies. With the scarce amount of data at hand it was impossible to determine reliably the entire FSA(M W , Rf ) average trend surface. Hence we first performed distance equalization with distance corrections calculated on a theoretical basis, and thus reduced the observed data to the reference distance of R 0 =100 km. The model of distance attenuation applied included point source decay terms (1/R plus attenuation specified by Q(f )= 250 f 0.8 ) and finite source correction (using the formula for a disc-shaped incoherent source, its size depending on M W ); its general applicability was later checked by analysis of residuals. After reduction we determined the FSA(M W , R 0 f ) vs. M W trends. To do this we employed a multiple regression procedure with ground type and station dummy variables. The M W dependence was assumed to consist of two linear branches intersecting at M W =6.5. The result of multiple regression represents the first systematic description of spectral properties of destructive ground motion for Kamchatka earthquakes. The empirical FSA vs. M W trend flattens as frequency increases. This flattening persists even between 3 and 16 Hz, suggesting the decrease of source-related f max with increasing magnitude.
Introduction
Since 1962 a small network of analog strong-motion instruments operated in Kamchatka. A few of the most interesting of the recorded strong-motion records and spectra have been published (see GUSEV et al., 1997a for references) . Recently, GUSEV et al. (1997a) analyzed, for the first time, the bulk of the data obtained during these observations and determined the first version of the A max (M W , R) relationship for Kamchatka. Below we continue the analysis of strong-motion parameters for Kamchatka and determine the average regional relationship among amplitude Fourier spectrum of acceleration FSA, moment magnitude M W and hypocentral distance R for a shallow earthquake.
Fourier spectrum FSA is used in engineering seismology, mainly for stochastic modelling of strong-motion parameters (BOORE, 1983; GUSEV, 1983; VANMARKE, 1986) . When combined with an envelope function it can be immediately used for simulation of accelerograms (BOORE, 1983) . Fourier spectrum can also be used for reconstruction of earthquake source spectrum (moment rate spectrum) in its high-frequency part. One of the first studies of FSA(M, R) interrelationships from strong motions has been carried out by TRIFUNAC (1976) for western U.S.A., applying multiple regression analysis of observed data. KAMIYAMA and MAT- SUKAWA (1990) have done analogous work based on Fourier spectra of 228 strong-motion records in Japan. In addition to magnitude and distance their regression model included station variables, and they calculated the spectral station corrections for 10 stations with most abundant data. For eastern North America the FSA(M, R) relationship and then average source spectra were determined by ATKINSON and MEREU (1992) and ATKINSON (1993) . GUSEV (1990) made a crude estimate of Fourier spectrum of strong motion for Petropavlovsk-Kamchatsky for an expected future earthquake by means of analysis of Fourier spectra of several earthquakes with M =7 -8 in Kamchatka and Japan. This work requires continuation and refinement.
The initial data that we use here are the same set of digitized and processed records as in (GUSEV et al., 1997a) 
Data and their Primary Processing
Strong-motion station network on Kamchatka is depicted on Figure 1 . The two main types of analog instruments used are SSRZ-M accelerometers with electromagnetic damping and ISO-IIM galvanometric velocity meters. Detailed information regarding parameters of instruments used can be found in GUSEV et al. (1998, Table 2) . Ground conditions at the stations are given in Table 1 .
In the following we analyze only good-quality records obtained at either free-field stations or by instruments installed on the ground floor or in the basement of one or two-storey buildings. Some records have been considered unreliable during data processing and were rejected after thorough analysis. The probable sources of assumed errors are: (1) erroneous association of the record to an event in the catalog and (2) large error of hypocentral coordinates leading to significant errors of the value of the hypocentral distance.
The data processing procedure applied to the records consisted of the following steps.
1. Digitization of optical records by a hand-operated optical-mechanical digitizer (F004 system, typically, about 80 counts per second) or, for the recent data, using a 300-dpi optical scanner and semi-automatic digitization code, interactively Figure 1 Strong-motion instrument network on Kamchatka. Triangles: instruments. Dots: epicenters of earthquakes given in Table 2 . Pure appl. geophys., controlled at a computer display. In the most difficult cases, manual, pixel by pixel procedure of digitization was used. 2. Baseline correction. For most records we confined ourselves by subtraction of a straight line, fitted by the least-squares method, from the digitized data. For some records digitized with the scanner we subtracted the baseline of the accelerometer, recorded on the same film. This operation considerably reduces the low-frequency noise in spectra.
3. Cutting out segments with maximum amplitudes (S-wave groups). Normally we have cut out the segment between S-arrival and the moment when the amplitude was equal to one half of the maximum value. This procedure has a minor effect on the level of the spectrum (as compared to processing the complete record) however it considerably improves the signal-to-noise ratio at the high-frequency part of a spectrum. A cosine taper with 10% duration was used at both ends of the cut segment.
4. Fourier spectrum calculation with FFT algorithm. 5. Instrument response correction in frequency domain, producing the ground acceleration spectrum. To calculate the instrument transfer function we used parameters of the instruments measured during regular calibration. Normally calibration was performed each 2-3 years. The values of the damping constant for a few accelerometers with oil damping were set according to the manufacturer's specification.
6. Selecting the frequency band with an acceptable signal-to-noise-ratio. Typically spectra were reliable between 0.3 and 20 Hz. 7. Smoothing and spectral level calculation. We employed the smoothing procedure with the window half-width of 0.1 in the logarithmic (LOG10) scale. After smoothing the values were picked at the frequencies of 0.5, 1, 2, 3, 5, 10 and 16 Hz.
The software employed in data processing (steps 2-7) was designed by the authors; its description was published earlier (GUSEVA et al., 1989) . The program for interactive digitization of scanned records was kindly provided by D. V. Droznin. Figure 2 shows an example of the original record and its Fourier spectrum.
The described procedure was applied to 81 horizontal strong-motion components, recorded from 36 earthquakes with M W = 4.5-7.8, at hypocentral distances R= 30 -250 km and depths 0 -80 km. On Figure 3 one can see the distribution of processed records over magnitude and distance. Epicentral locations are given in Figure 1 . Distribution of epicenters does not reflect real seismicity; rather it shows the quality of maintenance of triggered instruments. Their work at remote, low populated regions was sometimes unreliable. The earthquake origin times, coordinates and magnitudes are compiled in Table  2 . For major earthquakes M W estimates are mainly based on the compilation by ZOBIN et al. (1988) . For smaller ones the M W values used are (in the order of preference): based on Harvard CMT solution, estimated from M LH or other surface-wave magnitude, or, if no long-or medium-period data were available, estimated from the regional 'energy class' short-period magnitude K
F68
. To make conversions needed in the latter two cases, the empirical nonlinear intermagnitude relationships of GUSEV (1991) (specific for the region under study) were used. Coordinates and (when needed) magnitudes were taken from the regional earthquake catalog.
In Table 3 we give the values of acceleration spectra for the set of frequencies: f K =0.5, 1, 2, 3, 5, 10 and 16 Hz and also parameters of the records used in this study. Strong-motion instruments are colocated with regional seismic stations (BKI, KBG, KRI and PET), in such cases it was often possible to determine hypocentral distance R from t S − t P , and this estimate was the preferred one. For other stations R values were calculated from hypocentral coordinates. The gaps in Table 3 data are caused by low quality components or by unreliable results at particular frequencies. This table is the main result of the first part of the present study. (1979); z -based on M 0 estimates summarized in ZOBIN et al. (1988) ;
Pure appl. geophys., Table 3 Le6els of the ground Fourier spectra of acceleration 
Data Analysis: General Approach and Distance Reduction
In regions with sufficiently abundant strong-motion records, such as western U.S.A. or Japan, average relationships between parameters of strong motion, magnitude, distance and other relevant parameters are usually determined on a purely empirical basis. In our case, however, data are too scarce for a reliable analysis of this kind. Instead, we will use a semi-empirical method: at first we reduce the data to the standard distance R 0 , employing a theoretical relationship, and then relate these reduced Fourier spectrum levels at particular frequencies f K to magnitude by means of multiple regression procedure. It should be noted that there are no reliable, theoretical models for spectrum versus magnitude dependence at high frequencies, whereas the distance dependence is known from small earthquake data with some confidence. Therefore we represent an observed value of Fourier spectrum of acceleration FSA at a particular frequency by means of the following model:
where FSA E is the target empirical spectral model for the specific distance R 0 , Att is the theoretical distance decay function, defined in detail in the next section, and m i is a deviation of an individual value from the average trend.
The theoretical Att is defined as the sum of three terms that specify, correspondingly, the effects of the following three factors: geometrical spreading, attenuation and source finiteness:
The first two terms define point source amplitude factor. Attenuation effect is specified by the Q-factor: Q(f ) =250f 0.8 if f\1 Hz, and Q(f )=250 if f51 Hz (estimated previously from local small earthquakes data (ABYBAKIROV and GUSEV, 1990) ). The third term is the source finiteness factor. It is calculated for a disc-shaped, noncoherent radiator (GUSEV, 1983) , with magnitude-dependent effective source radius R S . R coh is the coherence radius of an assumedly incoherent (random) high-frequency earthquake source. It also can be viewed as the size of a smallest subsource. Following GUSEV (1983) we accept here R coh = 1 km.
Based on preliminary estimates which used both strong motion and small earthquake data, we considered the 1/R geometric spreading as an acceptable first approximation between 30 and 250 km for S-waves in the Kamchatka region (no Lg group is observed here at R \100 km). Later we will justify this assumption by means of analysis of residuals of our model vs. distance. The source finiteness factor describes the near-source saturation: the level of Fourier spectrum near an extended source of a large earthquake will be below the level expected for an equivalent point source. Use of the formula after GUSEV (1983) to allow for this effect seems justified for the present study. Its applicability for a strong-motion FSA data analysis has been verified by TRIFUNAC and LEE (1990) in a special study.
The theoretical Att(M W , R) model described above is further used in two ways: first, for data analysis, to reduce data to the distance R 0 ; and second, in constructing the average resulting relationship, where we need to extrapolate estimated average reduced spectra from R 0 to other distances, thus obtaining the entire FSA(M W , Rf ) trend surface. In the first mode the source finiteness correction factor has in fact minor effect, as there are only two records in the near zone (see Fig. 3 ). In the second mode this factor is rather significant as it provides realistic extrapolation of spectral levels defined at R 0 = 100 km into near-source zones of large earthquakes.
Of course, for subduction-zone earthquakes, when most source zones are situated under the sea bottom, it is extremely difficult to directly verify such an extrapolation. We nevertheless consider our approach reasonable because, at odds with many empirical models of near-source saturation, it is theoretically founded; it also successively predicts near-source saturation for an earthquake on land (TRIFU- NAC and LEE, 1990 
The constant C L =1.85 was determined in compilation (GUSEV and MELNIKOVA, 1990) as a good approximation for subduction zone earthquakes of the Pacific. This value is quite consistent with a few Kamchatkan data and was accepted below. The described reduction technique is in fact the particular version of the multiple-use procedure of GUSEV and PETUKHIN (1996) . Recently the latter was applied to peak acceleration data (GUSEV et al., 1997a) and yielded attenuation relations that compare quite well with empirical trends of FUKUSHIMA and TANAKA (1990) based on a considerably larger volume of data.
Multiple Regression Analysis of Reduced Data
As explained above, the first step in determination of the average FSA(M W , Rf ) relationship was the reduction of individual FSA(M W i , R i f K ) data to the standard distance R 0 . The particular value of R 0 = 100 km was accepted, as it is near the middle of the range of distances in Table 3 (in logarithmic scale 
can be expressed by the formula deduced from (1):
At the second stage of data interpretation we determined empirical trends FSA E (M W f K ) of the reduced data FSA 0 by means of multiple regression analysis. The parameters included within this regression were: M W and ground type or individual station. Such an approach does not appear systematic; it seems more logical to seek station corrections for each station (relative to some reference site). However, in our data set most earthquakes are recorded by only a single instrument, and even worse, many stations maintain only a few records. For these stations, estimates of station correction terms will inevitably be highly unreliable, biased by peculiarities of spectra of individual earthquakes. To avoid this, we seek site corrections only for the three stations that have abundant records; incidentally, they are also characterized by clear site anomalies. This decision is based on our previous analysis of peak accelerations (GUSEV et al., 1997a) and on a preliminary analysis of Fourier spectra (GUSEV et al., 1997b) . These two studies have revealed prominent individual station anomalies for the three stations, whereas two of these stations supplied most of the volume of medium-ground data. For these reasons we divided the data set into the following four groups: (1) stations with rock ground (taken as the reference, with station correction fixed as zero); (2) station Krutoberegovo (KBG, medium ground); (3) station Petropavlovsk (PET, very hard rock) and (4) station Kronoki (KRI, medium ground).
In a limited number of cases (earthquakes of 19.05.1985, 02.03.1992, 05.03.1992, 08.06.1993 and 13.11.1993) we have more than one record from each earthquake (see Table 3 ). To eliminate possible bias related to increased weights of individual earthquakes when recorded at several stations, data for each of these events were averaged beforehand. Note that very limited information on the distance attenuation that can be extracted from these scarce single-event, multiple-distance data do not contradict the assumed attenuation law.
Subsequently we determined empirical trends of the logarithm of Fourier spectrum versus magnitude for rock ground: log FSA rock E (M W f= f K ), and also the spectral corrections for three other groups with respect to the rock ground.
The FSA E vs. M W relationship was expected to be nonlinear. Initially we considered the possibility of representing the magnitude trend by quadratic parabola. However, the parabolic representation sometimes behaves unstable near the boundaries of the data range, especially in our case of a limited amount of data (e.g., it may show a physically meaningless maximum around M W = 8). Hence it was judged to be inferior as compared to another (also three-parameter) model, consisting of two linked linear segments. The corner point linking the two segments was chosen at M W =6.5. This value is near the middle of the range of observed event magnitudes. The final empirical model applied for fitting of the reduced data is: Vol. 156, 1999 
where M W is moment magnitude, c 0 is the constant term, f K is the K-th frequency, m K is the random error, assumed to have zero mean and variance | mK 2 . The l i symbol denotes a ''dummy'' variable: l 1 = 1 if an individual datum belongs to KBG station, otherwise l 1 =0; l 2 in a similar manner is associated with PET station; and l 3 is associated with KRI. If the datum belongs to another rock ground station then all l i =0 (no non-rock stations were used except for KRI and KBG). Therefore c i , i =1, 2, 3 are the correction factors for KBG, PET and KRI with respect to the rock ground stations. The parameters c 0 , c i , i 1 , i 2 are unknowns, to be sought for in the regression.
It should be mentioned that the use of the described model yields a dramatic reduction of residual error as compared to our preliminary study (GUSEV et al., 1997b) , in which we used the simple linear law and no dummy variables. For a representative case of 2 Hz frequency, | m was reduced from 0.45 to 0.30.
The A6erage Relationship Between Fourier Spectrum, Magnitude and Distance for Kamchatka
The results of the first processing step, i.e., of the data reduction to the standard distance of 100 km, are shown for each frequency in Figure 4 . On these plots we also show the results of fitting of the model (5). The parameters of this model for each f K are presented in Table 4 .
The residuals of data fitting by the described model were further used to check the applicability of the assumed distance attenuation model (Fig. 5) . Parameters of Pure appl. geophys., Table 4 . Symbols denote the four data groups.
linear and quadratic regressions of the residuals vs. distance are given in Table 5 . From Figure 5 one can discern no general trends in residuals. Also, all the estimates of the slope for the residual vs. distance trend (given in Table 5 ) are insignificant. Nevertheless, the systematically negative (though individually insignificant) values of this slope suggest that some slight deviations from the accepted model are present. From these slope values we could estimate the refined value of Q 0 , equal to 295. Even more important is the insignificance of quadratic terms in Table 5 ; it shows the applicability of 1/R n geometric spreading model (with n:1) for the whole range R =30 -250 km on Kamchatka. The only formal exclusion is the case of f K =10 Hz. We treat this fact as a random fluctuation, that is, as a meaningless peculiarity of our data set.
Based on the estimated model, we calculated expected average Fourier spectra for rock ground and stations KBG, PET and KRI at R 0 = 100 km and M W = 8, shown in Figure 6 . Average expected Fourier spectra for rock at R 0 = 100 km and M W =5, 6, 7 and 8 are shown in Figure 7 . . Pure appl. geophys., Table 5 Parameters of regressions of residuals Z 6s. R Thus we have determined the empirical spectral model FSA rock E (M W f ) for rock ground conditions. To determine the average regional relationship between Fourier spectra at particular frequencies, moment magnitude and distance, we should pass to another arbitrary distance R. To make this we use the theoretical model The result (for rock) is shown in Table 6 for a set of magnitudes, distances and frequencies.
In Figure 8 one can compare our results to those of other studies: average spectrum for Japan (KAMIYAMA and MATSUKAWA, 1990) , the spectrum recommended earlier for Petropavlovsk-Kamchatsky (GUSEV, 1990) , and a recent spectrum estimate for California, based on most abundant data from ATKINSON and SILVA (1997) .
From the analysis of Table 4 and figures one can perceive the following: 1. With the use of multiple regression procedure with data divided into four groups one obtains the RMS scatter of FSA residuals of about 0.30 in log (base 10) units, which is typical for earlier similar studies, therefore the accepted regression scheme seems justified.
2. The coefficients i 1 (f ) and i 2 (f ) decrease with frequency. This is seen both in the 0.5 -2 Hz range where this is expected from the BRUNE (1970) spectral model and also at higher frequencies where it is consistent with the GUSEV (1989) spectral model and inconsistent with the BRUNE (1970) model. The value of i(f ) in the range 2 -5 Hz is slightly above the value i= 0.5 expected from the Brune model (the difference is not significant). The decrease of i(f ) above 3 Hz may indicate the existence of a magnitude dependent, source-related f max as discussed in GUSEV (1983) . The inequality i 2 \i 1 that is seen for the frequency range 5-16 Hz is unexpected. Its significance is low and we cannot consider it at present as the established one. It can be meaningful however because similar features are present in the empirical spectral model of TRIFUNAC (1989) and even more clear in the regression model of KAMIYAMA and MATSUKAWA (1990). 3. The absolute level of the estimated average spectrum for the rock ground is comparable with the level estimated earlier for Petropavlovsk-Kamchatsky for the same R = 80 km, M W =7.15 case (GUSEV, 1990) over most of the frequency range under discussion. The spectra for Japan and for Kamchatka are comparable in the range 0.5 -2 Hz. In the range 5 -16 Hz the spectral level for Japan is approximately twice that for Kamchatka. Above 1 Hz both these spectra are greater than the average California spectrum.
4. The correction factor c 1 (f ) for KBG station at low frequencies (see Fig. 5 ) is unusually large. The average amplitude of KBG spectrum at f=0.5-1 Hz is five times above that for rock ground whereas they are practically equal at f\ 3 Hz. This result cannot be related to instability of the multiple regression procedure; it is evident in the initial data (see Fig. 4 ). No significant anomaly has been found for KBG in terms of peak acceleration amplitude: in GUSEV et al. (1997a) we found that A max data for KBG do not differ from other medium-ground (or rock ground) Average Fourier spectrum at R= 80 km and M W =7.15 (M jma =7), rock ground, for Kamchatka (this work) compared to similar spectra calculation from regression formulas for Japan (KAMIYAMA and MATSUKAWA, 1990) and California (ATKINSON and SILVA, 1997) . Also given is the expected Kamchatka spectrum from GUSEV (1990), adjusted to M W =7.15.
stations. This fact agrees with the absence of any anomaly at higher (f\ 3) frequencies. However, the same ''normal'' behavior is also seen for KBG in macroseismic data of several earthquakes which occurred around it. The revealed inconsistency needs further study; it may be resolved only if additional data from other stations and events will be used. At present one can only surmise. One possible cause may be that the estimation of spectral correction for KBG station is strongly biased by spectral differences between «northern» events, located near this station, and «southern» events. Another possible cause is the enhanced excitation of 0.5-1 Hz surface waves in the sedimentary basin around Kamchatka river delta. Among processed records we have a few supporting each of these two ideas. The individual spectral anomalies of KRI and PET stations are consistent with earlier results from small earthquake amplitude data (FEDOTOV, 1972; ZOBIN et al., 1993) and A max data (GUSEV et al., 1997a) . 5. On the whole, regression curves describe data quite well and observed anomalies are genuine. At the present stage the data description can be considered as completed, but the results seem not to be sufficiently definitive to recommend them for engineering applications.
with magnitude (GUSEV, 1983; PAPAGEORGIOU and AKI, 1983) . The near-station attenuation effects (ANDERSON and HOUGH, 1984) contribute to spectral cutoff formation as well, and the observed cutoff must be ascribed to the joint effect of both mentioned mechanisms.
Another possible explanation for f max vs. M W dependence is that it is caused by nonlinear effects in near-station attenuation (the larger magnitude, the larger amplitude, the lower effective Q, the lower f max ) (see e.g., ATKINSON and SILVA, 1997; DURWARD et al., 1996) . We consider this explanation as less probable for the following reason. As is well known, the typical acceleration level for nonlinear attenuation to manifest itself is of the order A max = 0.3-0.4 g for medium ground and 0.1 -0.2 g for soft ground (BERESNEV and WEN, 1996) ; for rock ground, no observations of nonlinear spectral modification at high amplitude levels are known to us. Our data derive from rock and medium ground only, and maximum acceleration in our data set for medium ground is only 0.22 g (GUSEV et al., 1997a) . Thus the expected nonlinear effects are minor, and hardly can explain the observed shift of f max by four times.
Note also that possible errors of estimated source spectral shapes related to imperfect accounting for source finiteness effects are frequency-independent and thus cannot contribute to f max vs. M dependence. Another possible cause of error in spectral shapes is the error in accepted point source attenuation at short distances. This bias may be real (though limited); however it again cannot account for f max (M W ) dependence. Estimated acceleration source spectrum scaling law for Kamchatka earthquakes. Thick line: short-period part derived from the empirical Fourier spectrum; thin line: Brune's spectrum with D|=40 bar; dashed line: Brune's spectrum continued to frequencies above 0.5 Hz.
